Bone is continuously remodeled throughout life by a tightly coupled process involving absorption by osteoclasts and formation by osteoblasts. Dysregulation of this coupled remodeling can lead to diseases such as osteoporosis (18, 19) . The precursors of osteoblasts are pluripotent cells known as mesenchymal stem cells (MSCs) (3, 7, 36) . MSCs are viewed as potential tools for therapeutic intervention in diseases related to impaired function of osteoblasts because they can be derived from bone marrow, manipulated in culture, and administered back to donor individuals (12, 13, 24, 39, 40) . However, the mechanistic pathways that drive differentiation of MSCs along the osteoblast lineage are not completely understood. Therefore, elucidation of molecular mechanisms underlying osteogenesis not only is important for our understanding of bone development but also may advance strategies for bone repair. Targeting therapeutic molecules to bone in order to enhance the bone-forming activity of osteoblast precursors may aid in the treatment of bone disease.
Osteoinductive factors are required to drive the lineagespecific differentiation of MSCs into osteoblastic cells in culture. Osteoblast differentiation is influenced by multiple signaling pathways, including transforming growth factor ␤1, Hedgehog, Wnt, fibroblast growth factors, insulin-like growth factor 1, and bone morphogenetic proteins (BMPs) (8, 20, 25, 46, 49) . Strategies employing BMPs have been successfully used with animals and humans to regenerate bones (16, 22, 27) . However, the high cost and supraphysiologic doses of BMPs necessary to achieve osteoinductive activity illustrate the need for additional strategies for the stimulation of osteoblast differentiation and bone formation in vivo (23, 32, 48) . Recent studies of zebrafish have validated the concept of employing small molecules to modulate BMP activity in vivo (50) . Similarly, certain oxysterols have been shown to activate sonic hedgehog (SHH) and to stimulate osteoblastic differentiation and bone formation (1, 15) . However, smallmolecule BMP stimulators that are able to bypass the need for high doses of BMP and induce bone formation remain to be identified.
Here we show that the small molecule phenamil, a derivative of the diuretic amiloride, induces osteoblastic differentiation and mineralization of mouse MSCs. Phenamil and BMPs show additive effects on the expression of BMP target genes, osteogenic markers, and matrix mineralization in M2-10B4 (M2) MSCs as well as in calvarial organ cultures. We show that phenamil acts, at least in part, by inducing the expression of tribbles homolog 3 (Trb3), a previously identified positive regulator of BMP signaling (9, 33, 51) . We further show that phenamil reduces the protein level of SMAD ubiquitin regulatory factor 1 (Smurf1) and induces expression of SMAD, the critical transcription factor in BMP signaling. These results suggest that phenamil or related small molecules may represent a novel strategy for increasing BMP activity in the clinical setting.
MATERIALS AND METHODS
Reagents. Phenamil, amiloride, benzamil, and dimethyl amiloride hydrochloride (DMA) were purchased from Sigma. BMP2, BMP7, and SHH were from R&D Systems. Oligonucleotides were from Integrated DNA Technologies. Small interfering RNAs (siRNAs) for Trb3 and a nonspecific control were purchased from Dharmacon.
Cell culture. The M2-10B4 (M2) mouse marrow stromal cells were purchased from ATCC and maintained as previously described. M2 cells were differentiated in RPMI containing 5% fetal bovine serum (FBS), 3 mM ␤-glycerophosphate, 50 g/ml ascorbic acid, and antibiotics. Mouse embryonic stem (ES) cells were maintained in minimal essential medium with 10% FBS, 2 mM L-glutamine, 1 mM sodium pyruvate, 50 M ␤-mercaptoethanol, and leukemia inhibitory factor. For osteogenesis, ES cells were directly plated at a cell density of 10,000/well in 0.1% gelatin-coated six-well plates. After 3 days, the medium was replaced with phenamil and osteogenic medium (minimal essential medium, 20% FBS, 2 mM L-glutamine, 1 mM sodium pyruvate, 50 M ␤-mercaptoethanol, 50 g/ml ascorbic acid, and 10 mM ␤-glycerophosphate with phenamil or dimethyl sulfoxide [DMSO]). The culture was maintained at 37°C with 5% CO 2 and fed every 2 days. siRNAs for Trb3 and a nonspecific control from Dharmacon were resuspended according to the manufacturer's instructions. siRNAs were transfected using Lipofectamine RNAiMAX (Invitrogen). A concentration of 10 nM siRNAs was transfected into 80% confluent M2 cells.
Transient transfection and reporter assay. M2 cells at 80% confluence were transfected using Lipofectamine (Invitrogen). Gli-luc for HH activity and BREluc for BMP activity were used (15) . Transfected cells were treated for 48 h with phenamil (10 M), BMP (100 ng/ml), and SHH (100 ng/ml), and then luciferase activity was measured using the dual-luciferase reporter 1000 assay system (Promega). Firefly luciferase activities were normalized with Renilla luciferase activity.
Mouse calvarial organ culture. Mouse calvariae were obtained from 5-day-old neonatal CD1 mice by aseptic excision. The calvariae were cleared of soft tissue and washed in phosphate-buffered saline. These mouse calvariae (four calvariae per well) were incubated in six-well plates containing Dulbecco modified Eagle medium with 10% heat-inactivated FBS, supplemented with 1 mM sodium pyruvate, 100 U/ml penicillin, and 100 U/ml streptomycin for 2 hours before the treatment. Each calvaria was placed in a well of 24-well plates containing Dulbecco modified Eagle medium with 10% heat-inactivated FBS, 3 mM ␤-glycerophosphate, 50 g/ml ascorbic acid, and antibiotics as described above. After 72 h of incubation with BMP, phenamil, or a combination, calvariae were homogenized with an Ultra-Turrax homogenizer (IKA Works, Inc., Wilmington, NC). Total RNA was extracted with the RNA isolation kit from Stratagene (La Jolla, CA) according to the manufacturer's instructions.
ALP assay and 45 Ca incorporation assay. Colorimetric measurement of alkaline phosphatase (ALP) activity was performed on whole-cell lysates after 3 to 4 days of treatment as previously described (15) . 45 Ca incorporation assay as a measure of matrix mineralization was done after 14 to 21 days of culture as previously described (28) .
RNA and protein analysis. Total RNA was isolated using TRIzol reagent (Invitrogen). Total RNA (0.5 g) was reverse transcribed using IScribe (BioRad) according to the manufacturer's instructions. Real-time quantitative PCR (SYBR green) analysis was performed on a 7900HT Fast real-time PCR system (Applied Biosystems). Expression was normalized to 36B4. The following primers were used for real-time PCR: GLI1 forward (gliF) (5Ј-GCTTGGATGAAG GACCTTGTG-3Ј) and reverse (gliR) (5Ј-GCTGATCCAGCCTAAGGTTCTC-3Ј), Patched 1 forward (patchF) (5Ј-TTCTGCTGCCTGTCCTCTTATC-3Ј) and reverse (patchR) (5Ј-CCTGCTGTGCTTCGTATTGC-3Ј), osteocalcin (OCN) forward (ocnF) (5Ј-TCTCTCTGACCTCACAGATGCC-3Ј) and reverse (ocnR) (5Ј-TACCTTATTGCCCTCCTGCTTG-3Ј), ALP forward (alpF) (5Ј-AAACCC AGAACACAAGCATTCC-3Ј) and reverse (alpR) (5Ј-TCCACCAGCAAGAA GAAGCC-3Ј), ID1 forward (id1F) (5Ј-GCGAGATCAGTGCCTTGG-3Ј) and reverse (id1R) (5Ј-CTCCTGAAGGGCTGGAGTC-3Ј), Trb1 forward (trb1F) (5Ј-CCTGAAGCTCAGGAAGTTCG-3Ј) and reverse (trb1R) (5Ј-CCAGGCT TTCCAGTCTAAGC-3Ј), Trb2 Forward (trb2F) (5Ј-TGGAGGGAGACCACG TTTT-3Ј) and reverse (trb2R) (5Ј-TGGAGGGAGACCACGTTTT-3Ј), Trb3 forward (trb3F) (5Ј-CTGAGGCTCCAGGACAAGA-3Ј) and reverse (trb3R) (5Ј-CCTGCAGGAAACATCAGCA-3Ј), OSF-2 forward (OSF2F) (5Ј-AAGCT GCGGCAAGACAAG-3Ј) and reverse (OSF2R) (5Ј-TCAAATCTGCAGCTT CAAGG-3Ј), Cyp26b1 forward (cyp26b1F) (5Ј-ACATCCACCGCAACAAGC-3Ј) and reverse (cyp26b1R) (5Ј-GGGCAGGTAGCTCTCAAGTG-3Ј), FST forward (fstF) (5Ј-TGGATTAGCCTATGAGGGAAAG-3Ј) and reverse (fstR) (5Ј-TGGAATCCCATAGGCATTTT-3Ј), SLC6a9 forward (slcF) (5Ј-TTCCCT TTAAGAAAGCCACCT-3Ј) and reverse (slcR) (5Ј-AGACAACAGGCCTCA AGAGC-3Ј), RGS forward (rgsF) (5Ј-CAGAAGACTTGAAATTCTGTGTGC-3Ј) and reverse (rgsR) (5Ј-TGCCTCCAAAGTGAATAAGCA-3Ј), EGFl9 forward (egfl9F) (5Ј-ATGACTGCAGCTCCCACTG-3Ј) and reverse (egfl9R) (5Ј-ATCCTCACACAGCGCTCAC-3Ј), osterix forward (osxF) (5Ј-GCTAGAG ATCTGAGCCGGGTA-3Ј) and reverse (osxR) (5Ј-AAGAGAGCCTGGCAA GAGG-3Ј, and collagen I forward (col IF) (5Ј-ACCTAAGGGTACCGCTGG A-3Ј and reverse (col 1R) (5Ј-TCCAGCTTCTCCATCTTTGC-3Ј). Isolation of nuclear extract and immunoblotting were performed as described previously (10) . Protein extract was resuspended in NuPage LDS sample buffer (Invitrogen) and loaded on a 4 to 12% NuPage gel (Invitrogen). Smurf1 antibody (Cell signaling) was used at a 1:500 dilution, SMAD1/5/8 antibody (Santa Cruz Biotech) was at 1:1,000, and HMG-1 (BD Pharmingen) was at 1:5,000.
Microarrays. Total RNA from M2 cells treated with phenamil for 24 h was prepared using TRIzol and further purified using RNeasy columns (Qiagen). cDNA preparation and hybridization to chips were performed by the UCLA Core Facility. Data were analyzed using Beadstring.
RESULTS
The amiloride derivative phenamil induces osteoblast differentiation and mineralization. In the course of studying the effects of small molecules on gene expression in MSCs, we serendipitously discovered that the amiloride derivative phenamil promotes the expression of genes linked to osteoblastic differentiation (Fig. 1A) . Treatment of M2-10B4 (M2) mouse MSCs for 6 days with 10 M phenamil markedly stimulated expression of the genes encoding ALP, Runx2, OCN, and osterix (Fig. 1B) . Similar effects of phenamil on markers of osteoblast differentiation were also observed in the C3H 10T1/2 MSC line (see Fig. S1 in the supplemental material). Collagen I is also an important marker of bone differentiation. We found that phenamil promoted collagen I expression in M2 cells in the absence of osteogenic medium (i.e., without ascorbic acid and ␤-glycerophosphate) (Fig. 1C) . However, culture of M2 cells in osteogenic medium alone was sufficient to induce collagen I expression, and this was not further induced by phenamil.
Furthermore, treatment of M2 cells for 3 days with phenamil dramatically induced ALP activity (Fig. 1D ). Treatment for 3 weeks induced mineralization measured by 45 Ca incorporation (Fig. 1E) . Remarkably, phenamil also induced collagen I, ALP, Runx2, and other osteogenic gene products in mouse ES cells ( Fig. 1F and data not shown). The amilorides are a wellcharacterized class of small molecules known to inhibit epithelial sodium channel (ENaC) activity (2, 5, 6, 17, 29) . Due to this activity, amilorides are widely used as diuretics in humans (30, 37) . To determine the correlation between the osteogenic effects of phenamil and ENaC-blocking activity, we assayed three additional amiloride derivatives that are also known to inhibit ENaC. Interestingly, only phenamil was able to promote osteogenic gene expression and mineralization (Fig. 1B,  D , and E). In addition, mesenchymal M2 cells do not express the epithelial transporters ENaC␣, ENaC␤, and ENaC␥ (data not shown). Together, these data strongly suggest that the osteogenic effects of phenamil are not related to its previously known effects on sodium channels.
Phenamil and BMP have additive effects on osteoblast differentiation and mineralization. BMP is an osteogenic growth factor used in human therapeutics. To our knowledge, very few if any small molecules that enhance BMP actions in osteogenesis have been identified. To test whether phenamil would further enhance osteoblast differentiation driven by BMP signaling, we treated M2 cells with amiloride derivatives in com-bination with BMP7 or BMP2 (100 ng/ml). As shown in Fig.  2A , phenamil and BMP7 had synergistic effects on osteoblast differentiation as determined by Von Kossa staining. Similar results were obtained with BMP2 (data not shown). In combination with BMP, phenamil, but not other amiloride derivatives, strongly promoted ALP, Runx2, osterix, and OCN mRNA expression (Fig. 2B) . Furthermore, ALP activity and 45 Ca incorporation were also synergistically stimulated by phenamil and BMP7 or BMP2 (Fig. 2C and D and data not shown). These data show that phenamil works cooperatively with BMPs to promote osteoblast differentiation and mineralization.
The osteogenic effect of phenamil results from modulation of BMP signaling. Based on the additive effects of phenamil and BMPs in osteoblastic differentiation, we postulated that phenamil might be acting to potentiate BMP signaling. To test this possibility, we examined expression of the classic BMP target gene Id1, along with other BMP responsive genes. M2 cells were treated with 100 ng/ml of BMP2 or BMP7 and 10 M phenamil for 72 h. As shown in Fig. 3A and B, phenamil and either BMP2 or BMP7 had additive effects on Id1 and ALP mRNA.
We further tested the effect of phenamil on the expression of a BMP-specific reporter construct in transfection assays. M2 , and then treated with phenamil (10 M), BMP2 (100 ng/ml), or both for 2 days. Both BMP2 and phenamil modestly induced reporter in both MSCs lines (Fig. 3D) . However, consistent with the additive effects observed on induction of BMP target genes, BMP reporter activity strongly stimulated by cotreatment of phenamil and BMP (up to 14-fold). These observations suggest that BMP and phenamil stimulate BMP signaling through distinct but complementary mechanisms.
To establish that phenamil's effect on BMP signaling was not simply secondary to enhanced osteoblast differentiation, we tested another osteogenic growth factor, SHH. Treatment with SHH (100 ng/ml) and phenamil additively induced osteogenic markers such as ALP (Fig. 3C and data not shown) . This observation is consistent with the previous findings showing that BMP and SHH pathways have additive effects on bone formation (44) . However, SHH failed to upregulate Id1 expression, suggesting that Id1 expression is selectively responsive to BMP activation. Additionally, phenamil did not affect expression of the known SHH target gene products, Gli1 and Patch (Fig. 3C) . Furthermore, phenamil had no effect on SHH activity as measured in luciferase-based Gli transcriptional reporter assays (data not shown). These data strongly suggest that phenamil's osteogenic activity is linked to modulation of BMP signaling.
BMP and phenamil have additive effects in ex vivo assays. To gain additional insight into the efficacy of phenamil in promoting osteoblast differentiation, we employed a well-established organ culture assay of mouse calvariae (11, 21) . Cultures were established and incubated in the presence of phenamil for 72 h. Determination of gene expression revealed that (Fig. 4) . Remarkably, however, cotreatment with phenamil and BMP robustly induced ALP and Runx2 expression. Id1 expression was induced by phenamil or BMP alone, and the combination also had an additive effect. Collagen I expression was high at baseline in these cultures and was not further induced by either phenamil or BMP (data not shown). Consistent with our data from MSCs, these results indicate that BMP and phenamil act cooperatively to promote osteogenic differentiation. Identification of genes induced by phenamil. Analysis of the time course of osteoblastic differentiation revealed that phenamil's effects on Id1 expression were substantially delayed compared to those of BMP. As shown in Fig. 5A , whereas BMP induced expression of its known target Id1 within 24 h, maximal induction by phenamil required 48 h or longer. Furthermore, the additive effects of BMP and phenamil were most apparent after 48 h. Similar effects were observed on the BMP targets gene products Hey1 and osterix. These results led us to hypothesize that the effects of phenamil may be achieved through induction of a secondary mediator, rather than by direct modulation of BMP signaling. We therefore sought to identify phenamil-regulated genes that might play a role in BMP signaling and osteogenic differentiation. Our strategy was based on the hypothesis that candidate mediators of phenamil action would be induced by phenamil but not BMP. We reasoned that genes whose expression was induced by both BMP and phenamil were more likely to be primary BMP targets. Additionally, we postulated that candidate genes would be specifically induced by phenamil but not by other amiloride derivatives.
To identify genes mediating phenamil effects, we profiled gene expression in M2 cells treated with DMSO or phenamil for 24 h. At this time point, Id1 stimulation by phenamil is not detectable, reducing the likelihood that primary BMP targets would be identified in our screen. Genes showing a statistically significant difference of twofold or greater between DMSOand phenamil-treated samples are presented in (Fig. 5B) . Interestingly, recent studies have identified Trb3 as a BMP receptorinteracting protein that positively affects BMP signaling (9) . Among our amiloride derivatives, the ability to induce Trb3 expression was specific for phenamil (Fig. 5C ). Furthermore, induction of Trb3 and Id1 expression by phenamil was relatively specific for osteogenic cells and was not observed in preadipocytes, fibroblasts, or hepatocytes (data not shown; see Fig. S3 in the supplemental material). Together, these data suggest that Trb3 may be a mediator of phenamil action in BMP signaling and ultimately in osteogenic differentiation. Trb3 is a mediator of the osteogenic effects of phenamil. To directly test the importance of Trb3 expression in the regulation of osteogenic differentiation by phenamil, we conducted knockdown studies. Trb3 siRNAs are well validated and have been used previously by others to successfully knock down Trb3 (9) . Transient transfection of M2 cells with Trb3 siRNA sequences effectively reduced mRNA levels of Trb3 but not of the related factors Trb1 and Trb2 (Fig. 6A) . Remarkably, Trb3 knockdown also compromised the ability of phenamil to induce the osteoblast differentiation-related markers ALP, osterix, Runx2, and OCN in M2 cells (Fig. 6B and C) . Furthermore, in accordance with the effects of phenamil in BMP signaling, knockdown of Trb3 blunted the induction of Id1 expression by phenamil or phenamil and BMP (Fig. 6B and C) . Stable expression of Trb3 in 10T1/2 cell by means of a retroviral vector promoted osteogenic gene expression, in accordance with previous work, but had no effect on SHH dependent gene expression (see Fig. S4A and B in the supplemental material). Treatment with phenamil still promoted osteogenic gene expression in the presence of ectopic Trb3, but the fold induction was reduced significantly (see Fig. S4B and C in the supplemental material). These data identify Trb3 as one component of the signaling pathway by which phenamil regulates BMP signaling and osteogenic differentiation.
Previously, Trb3 has been shown to enhance BMP signaling by enhancing degradation of the SMAD antagonist Smurf1, resulting in stabilization of SMADs (9, 33, 51) . We reasoned that if phenamil acts through Trb3, it should also affect levels of Smurf1 and SMAD. To examine this possibility, M2 cells were treated with phenamil and/or BMP for 3 days, and the expression of Smurf1 and BMP SMADs (SMAD1/5/8) was monitored by immunoblot analysis. Phenamil treatment induced Trb3 protein expression and led to a modest but highly reproducible decrease in Smurf1 expression, in both the presence and absence of BMP. Furthermore, decreased Smurf1 expression in response to phenamil was accompanied by increased SMAD expression. Taken together, our results support a model in which phenamil-induced Trb3 expression potentiates BMP signaling by negatively regulating Smurf1 and in turn increasing the abundance of BMP signal transducer SMAD1/5/8 (Fig. 7) .
DISCUSSION
Here we identify phenamil as a novel osteogenic small molecule. Phenamil induces osteogenic gene expression and mineralization in both MSC and primary calvariae organ cultures. Moreover, this effect is additive with BMP signaling in both MSCs and ex vivo assays. We also showed that phenamil mediates this response by modulating BMP signaling pathways. Mechanistic studies identified Trb3 as a phenamil-responsive gene. Inhibition of Trb3 expression with an siRNA approach blunted the induction of osteogenic markers and BMP downstream target genes by phenamil. Consistent with the known effect of Trb3 on BMP signaling (9), phenamil reduced the levels of the inhibitor Smurf1 and increased levels of the BMP signal transducer SMAD. Together, our data identify Trb3 as one component of the signaling pathway by which phenamil regulates osteoblastic gene expression and differentiation. These data also suggest potential therapeutic uses for phenamil or related compounds as BMP stimulators in bone formation.
Signaling mediated by BMP plays multiple roles in vertebrates. The dorsoventral axis is defined by BMP signaling during embryonic development, and BMPs are critical regulators of gastrulation, organogenesis, and bone formation. BMPs are also the best-characterized pharmacological osteoinductive factors (49) . They induce osteoblastic differentiation in vitro and in vivo, and their potential clinical utility in bone repair is being explored actively. BMP ligands activate serine/threonine receptor kinases, leading to phosphorylation of SMAD effectors (SMAD1, SMAD5, and SMAD8). These SMADs translocate to the nucleus in complex with SMAD4, ultimately leading to induction of BMP target genes such as Id1. BMPs are also known to signal via SMAD-independent pathways. For example, BMP can signal through MAPK or protein kinase C to regulate growth in pulmonary artery muscle cells or apoptosis in osteoblast cells, respectively (34) . BMP pathways are implicated in numerous diseases, including pulmonary hypertension, hereditary hemorrhagic telangiectasia syndrome, and fibrodysplasia ossificans progressiva (38, 43, 47) . It is clear that complex regulatory mechanisms for BMP signaling have evolved in development and tissue homeostasis. Therefore, further understanding and fine-tuning of BMP signaling will be required to establish therapeutic tools capable of manipulating these pathways for treatment of disease.
Amiloride, a member of a group of compounds called pyrazinecarboxamides, is a well-characterized diuretic. ENaCs and the Na ϩ /H ϩ exchanger have been identified as putative molecular targets for the renal effects of amiloride and its derivatives (2, 5, 6, 17) . Introduction of hydrophobic (or hydrophilic) groups on the 5-amino moiety of amiloride enhances inhibitory activity against the Na ϩ /H ϩ exchanger, while addition of hydrophobic substitutes on the terminal nitrogen of the guanidine moiety of amiloride increases activity against ENaCs (29, 31) . Importantly, these sodium channels do not appear to be the targets for the osteogenic effects of phenamil. Amiloride, benzamil, and DMA do not share the ability to promote osteoblastic differentiation and enhance BMP signaling, even . Although the precise protein targets remains to be identified, our experiments indicate that phenamil exerts its effects, at least in part, through induction of Trb3 and modulation of BMP signaling in MSCs. Identification of the direct molecular target of phenamil's effects will be an interesting avenue for future studies. The mechanism whereby phenamil induces Trb3 expression also remains to be determined. We also cannot exclude the contribution of other pathways to phenamil's effects on MSCs. Trb3 is a pseudokinase whose expression can be regulated by stress and nutrients. It has been reported to play roles in cell cycle control, transcriptional regulation, lipid synthesis, insulin signal transduction, and BMP signaling. All members of the tribbles family (Trb1 to -3) bind to the CDC25 homolog string and promote its degradation (42) . Trb3 has also been suggested to interact with many proteins, including CHOP and ATF4, to regulate their transcriptional activity (35) . Trb3 is induced under fasting conditions to inhibit lipid synthesis by degrading acetyl coenzyme A, a rate-limiting enzyme in fatty acid synthesis (41) . Trb3 has also been reported to suppress insulin signaling by inhibiting the activity of the protein kinase AKT (14, 26) . Of particular relevance for our work is the previous observation that Trb3 acts to promote BMP signaling and osteogenesis (9) . Upon BMP stimulation, Trb3 dissociates from BMPRII-TD and triggers degradation of Smurf1, leading to stabilization of SMADs and potentiation of the SMAD pathway. Similarly, our data showed that phenamil also increases SMAD and downregulates the antagonist Smurf1.
The induction of Trb3 expression in osteogenic cells by phenamil is consistent with the delayed effects of this small molecule on BMP signaling and osteogenic gene expression. Osteoblast and adipocyte differentiations are often reciprocally regulated. It is therefore interesting to note that Trb3 has been shown to suppress adipocyte differentiation by inhibiting PPAR␥ and C/EBP␤ transcriptional activities (4, 45) . Expression of Trb3, however, is not regulated by phenamil in preadipocytes (see Fig. S1 in the supplemental material). Our studies imply that deciphering the mechanisms of action of bioactive small molecules could bring new insight into MSC biology. In particular, further dissection of the molecular mechanisms underlying the additive effects of phenamil and BMP in lineage-specific differentiation could advance our current understanding of osteogenesis. MSCs are also being contemplated for use in clinical applications associated with bone loss (24, 40) . A better understanding of osteogenic inductive pathways in vivo will be required to advance MSCs as tools to promote bone regeneration. BMP2 has been successfully used as an osteoinductive agent to promote fracture healing in humans (16, 22, 27) . However, the clinical use of BMPs is currently limited by cost and difficulties in delivery of concentrated recombinant protein (23, 32, 48) . Hence, complementary and/or more cost-effective strategies for clinical modulation of bone formation are needed. One potential approach would be to employ BMP stimulators. Identification of small molecules that enhance BMP signaling could open the door to new therapeutic strategies. Our studies suggest that phenamil is one such candidate molecule. Phenamil induces Trb3 and perhaps other molecular mediators that render osteogenic precursors more sensitive to BMP stimulation. This and similarly acting small molecules may reduce the doses of BMPs required for effective therapeutic intervention. In addition, the discovery that pharmacological modulation of Trb3 expression can enhance osteoblast differentiation provides a second avenue for potential therapeutic development. 
